Metazoan genomes contain vast tracts of cis-regulatory DNA that have been identified typically through tedious functional assays. As a result, it has not been possible to uncover a cis-regulatory code that links primary DNA sequences to gene expression patterns. In an initial effort to determine whether coordinately regulated genes share a common ''grammar,'' we have examined the distribution of Dorsal recognition sequences in the Drosophila genome. Dorsal is one of the best-characterized sequence-specific transcription factors in Drosophila. The homeobox gene zerknullt (zen) is repressed directly by Dorsal, and this repression is mediated by a 600-bp silencer, the ventral repression element (VRE), which contains four optimal Dorsal binding sites. The arrangement and sequence of the Dorsal recognition sequences in the VRE were used to develop a computational algorithm to search the Drosophila genome for clusters of optimal Dorsal binding sites. There are 15 regions in the genome that contain three or more optimal sites within a span of 400 bp or less. Three of these regions are associated with known Dorsal target genes: sog, zen, and Brinker. The Dorsal binding cluster in sog is shown to mediate lateral stripes of gene expression in response to low levels of the Dorsal gradient. Two of the remaining 12 clusters are shown to be associated with genes that exhibit asymmetric patterns of expression across the dorsoventral axis. These results suggest that bioinformatics can be used to identify novel target genes and associated regulatory DNAs in a gene network.
T
he recent revelation that the human genome contains only Ϸ30,000 genes underscores the importance of gene regulation in generating organismal diversity (1, 2) . Cis-regulatory DNAs account for up to 50% of the total DNA that comprises metazoan genomes. However, there is no obvious ''code'' that links primary DNA sequence with gene expression patterns. Here we describe a whole-genome analysis of the binding sites for Dorsal (Dl), one of the best-characterized sequence-specific transcription factors in Drosophila (3, 4) .
The Dl protein is distributed in a broad concentration gradient across the dorsoventral axis of the early embryo (5) (6) (7) . This gradient initiates the differentiation of several embryonic tissues by regulating various target genes in a concentration-dependent manner (8) . Peak levels of Dl activate snail and twist expression in ventral regions that form mesoderm (9) (10) (11) (12) , whereas lower levels activate neurogenic genes such as sim and rhomboid in lateral regions (13, 14) . The Dl gradient also functions as a context-dependent repressor that restricts the expression of zen, dpp, and tolloid to dorsal regions that will form derivatives of the dorsal ectoderm (15) (16) (17) .
Altogether, the Dl gradient generates five different thresholds of gene activity across the dorsoventral axis of the early embryo. These thresholds are interpreted by complex enhancers that are 300 bp-1 kb in length and contain clustered binding sites for Dl. Target enhancers that contain low-affinity Dl binding sites such as those present in the 180-bp twist proximal enhancer are activated only in the ventral mesoderm in response to peak levels of the Dl gradient (18) . In contrast, enhancers that contain high-affinity sites, as seen in the 300-bp rhomboid neurogenic ectoderm enhancer (NEE) enhancer, can be activated in the lateral neurogenic ectoderm in response to low levels of the Dl gradient (14, 18) .
Cis-regulatory DNAs have been characterized for seven different Dl target genes that initiate the differentiation of the mesoderm (twist and snail; refs. 9-12), mesectoderm (sim; ref. 13) , neurogenic ectoderm (rhomboid; ref. 14) , and dorsal ectoderm (zen, dpp, and tolloid; refs. [19] [20] [21] . zen, dpp, and tolloid are repressed by low levels of the Dl gradient that are insufficient to activate the rhomboid NEE. There is only one putative Dl target gene, sog, that is activated by the same low levels of the Dl gradient. sog is expressed in broad lateral stripes that encompass the entire presumptive neurogenic ectoderm (22) . The sog stripes are broader than the rhomboid stripes and represent a distinct threshold readout of the Dl gradient. Because zen and sog exhibit similar sensitivity to the Dl gradient, it is possible that their cis-regulatory DNAs share some common features. The zen 5Ј cis-regulatory region includes a distal silencer, the ventral repression element (VRE), which contains four highaffinity Dl binding sites (4) . Dl is inherently a transcriptional activator, but facilitates the binding of ''corepressor'' proteins to neighboring AT-rich sequence motifs within the VRE (19, 20) .
To identify cis-regulatory DNAs and associated genes that are regulated by Dl, a bioinformatics approach was used to identify clusters of high-affinity Dl binding sites in the Drosophila genome. The search was based on the observation that the zen VRE contains a cluster of four optimal Dl binding sites (4, 15, 19) . There are only 15 sequences in the entire genome, including the VRE, that contain three or more optimal sites within a stretch of 400 bp or less. One of the optimal clusters is located within the first intron of the sog gene, Ϸ700 bp downstream of the transcription start site. This sog intronic region contains four optimal Dl binding sites within a 263-bp interval. A 393-bp DNA fragment that encompasses the cluster was inserted into a lacZ P-element transformation vector and analyzed in transgenic embryos. The resulting sog-lacZ fusion gene exhibits broad lateral stripes of expression in early embryos similar to the endogenous sog pattern. The expression pattern is broader than the lateral stripes seen for rhomboid and indicates that the sog intronic enhancer is activated by low levels of the Dl gradient. Thus, the zen VRE and sog intronic enhancer share a similar code that permitted the de novo identification of the sog enhancer in a whole-genome search of optimal Dl binding clusters.
Computational methods can be used to identify target genes in a regulatory network. Three of the 15 optimal clusters are Abbreviations: NEE, neurogenic ectoderm enhancer; VRE, ventral repression element.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. associated with known Dl target genes: Brinker (21, 23) , sog (22) , and zen (19) . Most of the remaining clusters are linked to genes that are not known to be involved in dorsoventral patterning. In situ localization assays were done to determine whether any of these genes might represent previously uncharacterized Dl targets. Two of the genes, Phm (24) and Ady (25) , are shown to be up-regulated in the presumptive mesoderm of early embryos. The Ady gene exhibits a pattern of expression that is consistent with activation by intermediate levels of the Dl gradient. Thus, the search for optimal Dl binding sites led to the identification of putative target genes and cis-regulatory DNAs. We discuss the application of this method to other systems and compare the efficacy of this strategy with computational search algorithms that employ multiple classes of regulatory factors. Genomic DNA was prepared from a single anesthetized yw male as described (26) . sog A, B, and C fragments were amplified from genomic DNA with the following primer pairs: Sog A, 102 (5Ј-T T TGCCTGCA ACATGT TGCTGCCGATCGT TAG-ATGT-3Ј) and 103 (5Ј-GCTTTATGGTCCATGGTCCATA-CCACCCAATGGTCT-3Ј); Sog B, 101 (5Ј-GTTGCCAATG-CCATTGCGCATACGCCGTGTCGTCTA-3Ј) and 103; and Sog C, 101 and 105 (5Ј-CTGGGTATATGCAGGGACAGAGC-GAAGTGCCTTTGA-3Ј). PCR products were purified with the Qiagen (Chatsworth, CA) QiaQuick PCR purification kit and cloned directly into the Promega pGEM T-Easy vector. The fragments were excised from the pGem vector by NotI digestion, gel-purified with the Qiagen QiaQuick gel extraction kit, and cloned into a unique NotI site upstream of the eve minimal promoter-lacZ reporter within a modified pCaSpeR vector (27) , E2G. E2G contains SuHw insulator elements flanking the NotI insertion ϩ eve-lacZ portion of the vector. These pCaSpeR constructs were introduced into the Drosophila germline by the standard injection protocol (28) . Between three and nine independent transformed lines were obtained for each construct.
Materials and Methods
In Situ Hybridization. Embryos were hybridized with digoxigeninlabeled antisense RNA probes as described (11) . An antisense lacZ RNA probe (11) was used to examine the staining patterns of each of the lines obtained for the sog A, B, and C transformants. To examine the pattern of endogenous Phm, the expressed sequence tag clone SD13745 was obtained from Research Genetics (Huntsville, AL), linearized with EcoRI, and transcribed with SP6. To examine the expression pattern of the endogenous Ady gene, the following primers were used to obtain a 992-bp fragment from exon 3 of the coding region: 5Ј-CTCTCGGTGCCTTACAAACCCGGGTGGCT-3Ј and 5Ј-TGAAATGGTGGACAAATGTTTGACTAAGCCT-3Ј. This fragment was cloned into pGem T-Easy, linearized with NcoI, and transcribed with SP6. sog and zen antisense probes were prepared from cDNA containing plasmids. Statistics. Our computations take into account the observation that the Drosophila genome is AT-rich, with A and T each occurring with probability 0.287 and G and C each occurring with probability 0.213. Given the A͞T bias in the Drosophila genome, the probability of finding one of the 208 ''optimal'' Dl sequences searched (encoded by GGGWWWWCCM or GGG-WDWWWCCM and their reverse complements) at any point in the genome is 0.0000691. We found 8,789 instances of optimal Dl sequences (the expected number was 7,898). The expected number of k clusters was estimated by computing the probability of finding (k Ϫ 1) or more instances of optimal sequence patterns in a window of length n, following each of the 8,789 Dl sites, using the binomial distribution as an approximation.
Results
Previous studies have shown that zen is an immediate target of the maternal Dl gradient (4, 15, 19) . The gene is activated initially at nuclear cleavage cycle 11-12 within 1 h after the Dl gradient is formed (30) . zen initially exhibits a broad pattern of expression in the presumptive dorsal ectoderm and at the termini ( Fig. 1 A and C) . As discussed earlier, high and low levels of the Dl gradient keep zen off in ventral and lateral regions. sog exhibits a complementary pattern of expression because it is activated by Dl, whereas zen is repressed ( Fig. 1 B and D) . As seen for zen, sog expression is detected shortly after the formation of the Dl gradient (22) . The zen VRE contains four optimal Dl recognition sequences within a span of 400 bp (ref. 4 ; Fig. 1E ). Three of the four Dl binding sites contained within the zen VRE conform to the following consensus sequence for high-affinity Dl binding sites: GGG(W) n CCM (where W ϭ A or T, M ϭ C or A, and n corresponds to either four or five W residues). The fourth recognition sequence (binding site 3 within the VRE) contains a G residue in the AT-rich central region and is represented by the optimal consensus sequence GGGWDWWWCCM (where D ϭ A, T, or G). To determine whether a similar density of optimal Dl sites might account for the regulation of sog, we scanned the entire Drosophila genome for clusters of any of the 208 unique Dl sequences that conform (either directly or by reverse complement) to the two degenerate sequences discussed above: GGG(W) 4 CCM and GGGWDWWWCCM.
We scanned the genome for clusters of Dl binding sites in windows of 400 bp, the interval that the sites are clustered in the zen VRE, and also for clustering in windows of 1,000 bp because the operational size of enhancers can generally be thought of as about 1,000 bp. Although the genome-wide occurrence of 676 clusters of two or more optimal Dl sites in 1,000 bp is not statistically significant (Fig. 2 A and B) , the occurrence of 55 clusters with at least three sites and of eight clusters containing four sites is enriched beyond what one would expect from random chance. However, none of the clusters within 1,000 bp identified known Dl targets that were missed by our more stringent screen for clustering within 400 bp. Therefore, as discussed below, we focused this study on the results from the more stringent screen.
As expected, the occurrence of 400-bp windows containing at least two sites (327 clusters; Fig. 2 A) is much greater than the occurrence of 400-bp windows containing at least three sites (15 clusters) or four sites (3 clusters). However, the statistical significance of the clusters increases with their rarity (Fig. 2B) . For example, the occurrence of 15 clusters with three or more Dl sites is 6 standard deviations from expected, making the probability of finding 15 clusters by random chance less than one in a million. The probability of finding three 400-bp clusters with at least four Dl sites is less than 10 Ϫ49 . Remarkably, two of the clusters in this rarest class are associated with the sog and zen genes (Fig. 2 A) , which exhibit the most sensitive response to the Dl gradient. Of the remaining 13 clusters containing three or more Dl sites, one is associated with the Brinker gene, which is expressed in lateral stripes and probably is a direct target of the Dl gradient (ref. 21 ; see Table 1 ). The other remaining 12 clusters neighbor genes that were not known previously to be involved in dorsoventral patterning. In the remainder of this report we examine the expression patterns of two of these genes, Phm and Ady, and also investigate the regulatory activities of the ''sog cluster.'' sog is expressed initially in broad lateral stripes that encompass the entire presumptive neurogenic ectoderm (ref. 20 ; Fig. 3A) . In this lateral view, only one of the stripes is observed; the other stripe is out of the plane of focus. Staining persists in these lateral stripes during cellularization and the onset of gastrulation (Fig.  3B ) but quickly refines within the mesectoderm at the ventral midline of elongating embryos (Fig. 3C ). There are four optimal Dl binding sites located within a 263-bp region of sog intron 1 (Fig. 2C) . Three different DNA fragments that encompass this region of the sog gene were placed 5Ј of a lacZ reporter gene and expressed in transgenic embryos. The largest fragment is 6 kb in length and includes two-thirds of intron 1, whereas the smallest is just 393 bp and centered around the cluster of Dl binding sites. We also tested a 1.5-kb fragment that extends into the 5Ј-flanking region (Fig. 2C) . All three fragments direct lateral stripes of lacZ expression that are similar to those seen for the endogenous gene (Fig. 3 D-I ). These broad stripes persist until gastrulation (Fig. 3 E and H) and then refine within the mesectoderm (Fig. 3 F and I) . Midline staining becomes weak and erratic in older embryos (data not shown). The 393-bp sog fragment directs essentially the same staining pattern (Fig. 3  G-I ) as those obtained with the 6-kb DNA fragment (Fig. 3 D-F as well as the 1.5-kb fragment (data not shown). These results suggest that the 393-bp fragment (hereafter called the sog lateral stripe enhancer) contains most of the cis elements responsible for regulating the early sog pattern.
The sog lateral stripe enhancer shares a number of similarities with the previously characterized rhomboid NEE (14) , which also mediates gene expression in the neurogenic ectoderm (Fig. 4 A  and B) . However, the NEE stripes are narrower than those generated by the sog enhancer (Fig. 4 C and D) , suggesting that the sog enhancer responds to lower levels of the Dl gradient than the NEE. This difference might be due, at least in part, to the quality or organization of the Dl binding sites in the two enhancers. For example, only two of the four Dl binding sites contained in the NEE are optimal sites, whereas all four sites are optimal in the sog enhancer. The NEE contains four binding sites for the zinc finger snail repressor (14) , which is expressed selectively in the ventral mesoderm and thereby restricts rhomboid expression to lateral regions (Fig. 4 A and B) . The sog lateral stripe enhancer contains two potential snail repressor sites (CACCT) that might be responsible for attenuated staining in ventral regions (e.g., Fig. 4D ).
The preceding results indicate that computational methods can identify cis-regulatory DNAs. To determine whether these methods also identify target genes, we examined the expression profiles of two of the genes that contain optimal Dl clusters: Phm and Ady (see Table 1 ). Digoxigenin-labeled antisense RNA probes were prepared for each gene and hybridized to fixed embryos. Both genes exhibit expression in ventral regions of early embryos, although Ady appears to be expressed earlier than Phm (Fig. 5 A and D) . Staining persists in the developing mesoderm during cellularization (Fig. 5 C and E) and gastrulation (Fig. 5F ). The Ady pattern may be somewhat broader than the Phm pattern and may extend into ventral regions of the presumptive neurogenic ectoderm (Fig. 5B) . These results suggest that one or both genes represent direct targets of the Dl gradient.
Discussion
An essential finding of this study is that the zen VRE and sog lateral stripe enhancer share a common code that could be identified accurately by using a genome-wide computational method. Only three regions in the entire genome contain four optimal Dl binding sites in intervals of 400 bp or less. One corresponds to the zen VRE, and evidence was presented that a second cluster corresponds to the sog lateral stripe enhancer. The VRE and sog enhancer are regulated by low levels of the Dl gradient that are insufficient to activate other target genes such as snail (12) , sim (13) , rhomboid (14) , or Brinker (21) . The third optimal Dl binding cluster is located between two divergently transcribed genes of unknown function. Preliminary in situ hybridization assays suggest that neither gene is regulated by the Dl gradient (see below).
There are 12 Dl binding clusters that contain exactly three optimal sites in 400 bp or less (see Table 1 ). One of these is located Ϸ10 kb 5Ј of the Brinker transcription start site. Brinker probably is a direct target of the Dl gradient in that it exhibits lateral stripes of expression that are similar to those observed for rhomboid (21) . The remaining 11 clusters generally are associated with genes that are not known to be involved in dorsoventral patterning. The expression patterns of two of these genes, Phm and Ady, were determined by in situ hybridization. Both genes exhibit expression in the ventral mesoderm of early embryos, suggesting that they might be activated by high levels of the Dl gradient. Moreover, the Ady pattern appears to include ventral regions of the neurogenic ectoderm. Thus, Ady expression might be activated by both high and intermediate levels of the Dl gradient. It seems that the computational genome-wide search for optimal Dl clusters successfully identified the full spectrum of Dl gradient thresholds including genes that are activated by high (Phm), intermediate (Ady), and low (sog) levels of the Dl gradient. Perhaps the exact sequence, arrangement, and density of the binding sites help to determine the response to these different thresholds. For example, the Dl binding sites in zen and sog appear to be helically phased, occurring every 60-80 bp. This phasing may lead to cooperative protein-protein interactions. The Phm gene might respond to only peak levels of the Dl gradient, because the binding sites exhibit a dispersed organization (see Fig. 2C ). Of course, it is likely that these thresholds also depend on the binding of additional regulatory factors within the different target enhancers.
We can account for five of the 15 optimal Dl clusters in the Drosophila genome (sog, zen, Brinker, Phm, and Ady). These five genes seem directly regulated by the Dl gradient. It is unclear whether any of the remaining 10 clusters are associated also with Dl target genes. As discussed earlier, one of the very best clusters, containing four optimal sites within a span of 400 bp, is located near two genes that do not exhibit asymmetric patterns of expression across the dorsoventral axis. Moreover, another cluster is associated with the Runt gene, which is involved in segmentation and almost certainly is not a target of the Dl gradient (31, 32) . However, Runt is a member of the AML family of transcription factors, which have been implicated in mammalian hematopoiesis (33) . It is conceivable that the cluster of Dl binding sites located 3Ј of the Runt transcription unit are recognized by another Rel-containing transcription Fig. 4 . Comparison of the rhomboid NEE and sog lateral stripe enhancer. Transgenic, cellularizing embryos were hybridized with a lacZ RNA probe to visualize the activities of the 300-bp rhomboid NEE (A and B) and 393-bp sog lateral stripe enhancer (C and D) . The lateral stripes generated by the NEE encompass 6 -8 cells in the ventral half of the presumptive neurogenic ectoderm (A). In contrast, the stripes produced by the sog enhancer encompass 12-14 cells and include the entire neurogenic ectoderm (C). Both enhancers are inactive or attenuated in the ventral mesoderm (B and D). The NEE has been shown to be repressed by snail. The sog enhancer contains two potential snail repressor sites. factor in Drosophila, Dif or Relish, which mediates immune responses (34) .
The identification of target genes and associated cisregulatory elements based on the clustering of binding sites should be applicable generally to other systems, because clustering is a common feature of virtually all metazoan enhancers (35) . For example, the eve stripe 2 enhancer contains five Bicoid activator sites within a 480-bp interval (27) . Moreover, the mouse light chain enhancer contains clustered binding sites for two different classes of sequence-specific transcription factors, NF-B and E12͞E47 basic helix-loop-helix (bHLH) activators (36, 37) . One way to improve the computational identification of cis-regulatory DNAs is to search for clustering of two or more different classes of recognition sequences. The rhomboid NEE was not identified because two of the four Dl sites possess low binding affinities and do not conform to the optimal consensus sequence used in this study. However, like the enhancer, the NEE contains clustered binding sites for Dl (which is related to NF-B) as well as bHLH activators. The NEE also contains several snail repressor binding sites (14) , thus different combinations of Dl, bHLH, and snail recognition sequences could be used in more sophisticated searches. Unfortunately, such searches depend on prior knowledge about a gene regulatory cascade, which generally is not available in most systems. This study indicates that a single transcription factor (and associated recognition sequences) is sufficient for the identification of at least a subset of cis-regulatory DNAs and target genes.
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